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spectra recorded in the interior of the solution grown ru- 
thenium film when compared to a static SIMS positive ion 
spectrum recorded from sputtered cleaned metallic Ru as 
illustrated in Figure 8. The two major features in Figure 
8 are the species corresponding to the mass of Ru and RuO. 
Ruthenium has seven natural isotopes and their natural 
abundance5 in percent are as follows: %Ru, 5.5; 9 8 R ~ ,  1.9; 
%Ru, 12.7; lo0Ru, 12.6; 'OIRu, 17.1; lo2Ru, 31.6; laRu, 18.6. 
The observed ion intensity distribution shown in Figure 
8 for both Ru ions and RuO ions matches perfectly with 
the ruthenium natural abundance pattern. The ruthenium 
in the metallic thin film appears to be much purer than 
commercially available ruthenium metal as is indicated in 
Figure 7 by the fact that the SIMS spectrum of the Ru thin 
film lacks a feature a t  m = 137 which was assigned to 
barium. The observation of suboxide RuO fragments in- 
dicates the presence of Ru-0 bonds in the Ru mirror films. 
Masses corresponding to ruthenium dioxide and trioxide 

were not found in these metallic mirror thin films. 

Conclusions 
Smooth, shiny, metallic Ru mirrors were successfully 

fabricated via a TMPEDTA adhesion layer between the 
interface of Ru and fused quartz. The chemical compo- 
sition of these Ru mirrors was analyzed by AEP, XPS, 
SIMS, and RBS, and these surface characterizations in- 
dicate that the thin metallic film consists of mainly Ru 
metal. Infrared spectroscopy reveals that the Ru mirrors 
reflect infrared radiation perfectly; therefore, application 
of these low-cost Ru mirrors in infrared instruments is 
plausible. The smoothness suggested by STM and SEM 
is far below the order of micrometers, which implies that 
the Ru mirrors are extremely smooth to light waves in the 
infrared region. 
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Mixed-metal carbonates CUM~,(CO~)~,  CuMn(CO?)z! C O M ~ ~ ( C O ~ ) ~ ,  and CUCOM~(CO~)~ possessing the 
rhodocrosite structure have been prepared by coprecipitation. Extended X-ray absorption fine structure 
(EXAFS) analysis indicates that cobalt substitutea fully and without distortion into the rhodocrosite structure 
in C O M ~ ~ ( C O ~ ) ~ ,  whereas copper is present in C U M ~ ~ ( C O ~ ) ~  in a distorted environment. Decomposition 
at temperatures of ca. 600 K for CUCOM~(CO~)~ and ca. 690 K for the other carbonates yields amorphous 
or (for the CoMn, system) very poorly crystalline oxides. EXAFS analyses of these solids reveals that 
cobalt and manganese ions order to the second and higher coordination shells in proto-spinel structures 
faster than do ions of copper. The majority of manganese and cobalt cations have 6-fold and most copper 
4-fold coordination in the just-decomposed oxides, although in the poorly crystalline CoMn2 oxide around 
one-third of the cobalt ions are in tetrahedral sites. Heating the carbonates to 773 K in air produces spinels 
that are phase pure by X-ray diffraction: whereas the copper-bearing spinels are cubic, C0Mnz04 is tetragonal. 
Copper occupies mainly tetrahedral sites in these spinels, although the presence of some octahedral copper 
is clearly revealed by EXAFS. This increases in the order CuCoMnOl < CuMn204 < Cu1.5Mn1.504. 
Manganese is predominantly octahedral in all of the spinels (Jahn-Teller distortion in C0Mn204) and cobalt 
is octahedral in CuCoMnO, and occupies both sites in CoMnz04, ordering on to the tetrahedral site upon 
heating. On the basis of E M S  and X-ray absorption near-edge spectral (XANES) analyses and assuming 
the spinels are stoichiometric, we infer that copper is present in the spinels as a mixture of 1+ and 2+ 
ions. In CuMnz04 and CuCoMnO, the manganese is present as a mixture of 3+ and 4+ and in CoMn204 
predominantly as 3+. Cobalt is 3+ in CuCoMnO, and a mixture of 2+ and 3+ in CoMnzOl. Many of the 
oxides catalyze the complete reaction of an undiluted 2:l CO/Oz gas mixture at room temperature, so that 
dilution of both the gas mixture and the catalyst itself was performed to give conversions less than 100% 
between 60 and 160 "C. Amorphous oxides in the Cu/Mn and Co/Mn systems have slightly higher specific 
activities than the corresponding spinels. Of all the mixed-metal oxides prepared, the CuCoMnO, spinel 
has both the highest specific activity, probably due to the cobalt being largely trivalent, as well as the highest 
surface area. 

Introduction has long been known.' Amorphous manganese oxide with 
added copper, known as hopcalite, has been studied to The ability of amorphous manganese oxides promoted 

by transition metals to catalyze the oxidation of carbon 
monoxide and hydrocarbons, even at ambient temperature, (1) Jones, H. A.; Taylor, H. S. J. Phys. Chem. 1923, 27, 623. 
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clarify the importance of the effects of the copper-man- 
ganese redox couple,2 the copper oxidation state and co- 
ordination: the crystalline structure and surface area, and 
the presence of surface  inhibitor^.^ Spinels of similar 
composition are also active, and surface measurements on 
multiphase mixed oxides of cobalt, copper, and manganese 
prepared by heating coprecipitated hydroxides suggest that 
their catalytic activity can be rationalized in terms of the 
abundance at  the surface of the more active copper and 
cobalt ions in their higher oxidation  state^.^ 

We have adapted preparation conditions given in the 
literatureH for the synthesis of manganese-rich carbonates 
of the rhodocrosite (MnC03, calcite-like) structure, which 
include copper and cobalt in solid solution. Coprecipita- 
tion on an intimate scale followed by thermal decompo- 
sition allows the preparation of mixed oxides a t  lower 
temperatures (because diffusion distances are reduced) 
compared to traditional solid-state procedures. In par- 
ticular, if two metals crystallize in a solid solution within 
the same structure, mixing on an atomic scale is achieved. 
At least some solid solution, as indicated by reduction of 
unit cell parameters of the rhodocrosite structure upon 
substitution of smaller Co2+ and Cu2+ cations for Mn2+, 
has been demonstrated for the Cu/Mn* and Co/Mn7 
systems. Using our modified procedure we have quanti- 
tatively precipitated Cu and Mn, Co and Mn, and Cu, Co, 
and Mn and determined the extent to which the non- 
manganese cation(s) substitute into the rhodocrosite 
structure using a combination of X-ray diffraction, electron 
microscopy, X-ray absorption, and thermogravimetric 
analysis. 

In addition to producing oxides of relatively high surface 
area, the low temperatures of decomposition of these mixed 
carbonatesQ enable metastable cation configurations or 
crystal structures to be produced as intermediates Indeed, 
the coordination of surface copper in hopcalite was inferred 
from X-ray photoelectron spectroscopy (XPS) data to 
change from octahedral 2+ to tetrahedral 1+ upon crys- 
tallization into the spinel s t r u c t ~ r e . ~ ? ~  The precursor 
carbonates were therefore decomposed in air under con- 
ditions that formed (a) amorphous or poorly crystalline 
oxides and (b) spinels, single phase to X-ray diffraction. 
The poor crystallinity of the “jusbdecomposed” oxides and 
the deliberately chosen similarity of atomic number of the 
metal cations prevent the determination of site occupancies 
by X-ray diffraction. We consequently made use of the 
element specificity of X-ray absorption by performing 
measurements a t  the Cu, Co, and Mn K-edge to enable 
details of the cation distribution in both the crystalline and 
the amorphous solids to be resolved. Electron microscopy 
was used to determine the textural and microstructural 
details and check the homogeneity and phase purity of the 
samples. 

The catalytic activity of these oxides for the low-tem- 
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perature oxidation of carbon monoxide was measured and 
rationalized in terms of crystallinity and surface area and, 
bearing in mind the likely differences between bulk and 
surface  composition^,^ comparisons were made between 
spinels of different cation content. 

Experimental Section 
The samples were prepared according to the method for cal- 

cium-bearing carbonates in the calcite structure,’ with temper- 
atures modified according to ref 8. A 0.5 M solution of a mixture 
of the metal nitrates (in the desired stoichiometry) was added 
dropwise and with constant stirring to an excess of a heated 0.5 
M solution of sodium bicarbonate through which carbon dioxide 
was continuously bubbled. The resulting precipitate was filtered 
and thoroughly washed with cool distilled water, with analyses 
showing very low levels of sodium remained. The samples were 
dried in air at 60 OC, and their crystallinity was checked by X-ray 
diffraction. The carbonates were analyzed for cations and sodium 
by inductively coupled plasma (ICP) emission spectroscopy to 
check that precipitation was quantitative. While pure manganese 
nitrate and the mixed nitrates give carbonates of the rhodocrosite 
structure, the addition of pure copper nitrate yields a malachite 
phase and of cobalt nitrate yields an amorphous precipitate. 

Thermogravimetric analysis was performed on a Stanton- 
Redcroft thermal analyzer (model No. STA 1000/1500). The 
temperature was increased at 10 “C/min to 600 OC under a 
constant flow (45-50 mL/min) of air. 

The thermal decomposition of the carbonates in air was fol- 
lowed using in situ X-ray diffractometry (rotating anode X-ray 
source operating a t  8 kW, copper target, Siemens D500 diffrac- 
tometer) to examine the course of the reaction. On the basis of 
these results, the carbonates were heated for 1 h in air in a muffle 
furnace under conditions (a) suitable to just decompose the 
carbonate and resulting in a minimum of X-ray crystallinity and 
(b) a t  a temperature (500 “C) at which the products were sin- 
gle-phase spinels (by X-ray diffraction). For the CoMnz- 
carbonate, intermediate temperatures were used to follow the 
transition from a cubic to a tetragonal phase. Thermal decom- 
position of the pure metal carbonates and hydroxycarbonates at 
500 “C gave CuO, Co304 and for manganese, a mixture of Mnz03 
(JCPDS No. 31-825) and N%.2MnOz (JCPDS No. 27-747). Full 
details of preparation and TGA and XRD characterization of 
carbonates and oxides are given in Table I. The oxide samples 
are identified by the metal stoichiometry and the temperature 
at which they had been heated. 

Electron microscopic analysis was carried out on a CM30 ST 
3WkV instrument fitted with a STEM unit and with a completely 
windowless EDX detector for simultaneous microanalysis. (The 
super-twin lens configuration has a coefficient of spherical 
aberration, Cs, of 1 mm at 300 kV, with a resolution of <2 A for 
high-resolution imaging (HREM) and a couple of nanometers for 
microanalysis; convergent beam diffraction; and high magnification 
up to lo6). Samples for HREM were microtomed to preserve 
particle morphology. Additional SEM analysis was performed 
on a Cambridge stereoscan 200 fitted with an EDX detector for 
bulk analysis. 

Room-temperature X-ray absorption measurements were 
carried out over the Cu, Co, and Mn K-edges on station 7.1 at 
the SERC Daresbury synchrotron X-ray source, using a Si(ll1) 
double-crystal monochromator. Spectra on model compounds 
of known crystal structure (CuO, Cu20, COO, C%04, MnO, Mnz03, 
and MnOJ were collected to determine and check the transfer- 
ability of the atom-specific parameters necessary for fitting data 
on the mixed metal oxides. Data were collected out to around 
15 A-1, with collection times typically around 40 min. X-ray 
spectra were analyzed using the suite of programs available at 
Daresbury, including the normalization and background sub- 
traction program EXBROOK and the curve-fitting and refinement 
program EXCURVW. The EXAFS function was obtained from 
D(BROOK and transferred to MCURV~O for fitting. Within mcu~vso 
the EXAFS of model compounds of known structure were fitted 
by allowing atom-specific parameters to refine within reasonable 
values. The atom-specific parameters for copper-oxygen and 
copper-copper interactions were fitted for CuO and found to fit 
CuzO very well. The parameters for manganese-oxygen and 
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Table I. Details of Preparation and Composition and Carbonate and Spinel Cell Dimensions4 

PPttn 
sample temp, 

carbonateb unit-cell TGA wt loss spinel' unit cell 
Param, A 10% 90% total, ParamSA composition, mol % metals 

(stoichiometry) OC color Cu Co Mn Na U C OC "C wt % a (4 
Mn 80 off-white 4.776 (5) 15.695 (22) 400 470 27.8 E~.765~ 9.442d 
co  60 pink 4.662d 14.963d 80 300 29.8 8.084 (3) 
CuMn2 60 green/yellow 32.3 0.0 67.7 <0.5 ppm 4.741 (3) 15.485 (11) 345 395 35.5 8.297 (5) 
CuMn 60 green 48.4 0.0 51.6 ND 4.726 (11) 15.46 (20) 170 425 26.1 8.296 (6) 
CoMn2 60 purple 0.0 32.5 67.4 <0.5 ppm 4.765 (2) 15.531 (16) 385 415 36.5 5.73 (3) 9.30 (4) 
CuCoMn 80 green/grey 33.0 32.6 34.4 ND 4.714 (12) 15.01 (20) 140 400 37.1 8.17 (2) 

"Values in parentheses are the estimated errors in the lattice parameters. bThe carbonate (symmetry R3c) is indexed on a hexagonal cell. 
Literature values; these samples were not prepared. ND: not detected. Spinels are cubic or tetragonal. 

manganese-manganese were fitted taking Mn02 (pyrolusite1o) as 
a model compound and checked againat MnO (rock salt structure). 
They gave reasonable agreement, although the distances in MnO 
were predicted to be about 0.02 8, too low. This should be borne 
in mind when considering the values given in Table 111. Cobalt 
phase parameters were obtained from COO (rock salt structure) 
and gave reasonable agreement with the Co304 spinel. Using these 
derived parametes, local cation environments were examined in 
terms of Coordination number, metal-to-oxygen distance, and the 
Debye-Waller factor. The option within EXCURVW that performs 
Fourier filtering of data from particular coordination shells, or 
groups of coordination shells, was used to examine the EXAFS 
data. To reduce termination errors in the Fourier filtering, the 
kmin and k,, were taken at nodes in the EXAFS function at 
around 3 and 13-15 respectively. Models of cation coordi- 
nation environments were refined by fitting the filtered k3- 
weighted EXAFS function. For the best fits the filtered exper- 
imental and the fitted theoretical k3-weighted EXAFS function 
were plotted, along with the unfiltered experimental and filtered 
theoretical phase-corrected Fourier transforms. The errors as- 
sociated with refined parameterdl are around 10% in the coor- 
dination number and Debye-Waller factor and 0.02 8, in the 
coordination distances. 

Preliminary studies of the catalytic performance using a gas 
mixture of CO and O2 in the ratio 2:1 over activated amorphous 
CuMn2-420 at room temperature in a fixed-bed reactor resulted 
in an exothermic reaction and 100% conversion. To permit 
comparison between the samples, both the gas mix and the catalyst 
itself were diluted. In a typical experiment the oxide sample was 
mixed thoroughly (without grinding) with amorphous quartz in 
the ratio 1:4; 100 mg of this mixture was used for our tests. The 
catalyst was activated in moisture-free oxygen at 225 OC for 1 h 
and slowly cooled to 160 OC, a t  which temperature the reaction 
mixture (20 mL/min of 3% CO in helium and 40 mL/min of dry 
air) was passed over the solid under test. The temperature was 
dropped stepwise and the degree of conversion monitored at each 
temperature until the percentage CO conversion was invariant. 
Pre- and post-reactor gas compositions were analyzed using a gas 
chromatograph fitted with a TCD detector. Aa well as the mixed 
metal oxides, CuO, Co304, and MnO, were examined for com- 
parison. Catalyst surface areas were determined by BET analysis 
of nitrogen adsorption isotherms measured gravimetrically a t  
liquid nitrogen temperature. 

Rssults 
(a) Bulk Analysis and X-ray Diffraction. The 

analyes performed by ICP on the mixed metal carbonates 
(Table I) show that the bulk molar ratios are very close 
to those stoichiometries weighed out in the preparation, 
and that sodium is effectively removed by washing. The 
crystallinity of the manganese and CoMn, carbonates are 
very good, of the CuMn2 moderate, and of the C U , ~ M ~ , . ~  
and CuCoMn carbonates very poor (Figure 1). There is 
consequently considerable error in determining the unit- 
cell parameters (and particularly the c axis of the hexag- 

(10) Baur, W. H. Acta. Crystallogr. 1976, B32, 2200. 
(11) Gunnan, S. J. In Applications of Synchrotron Radiotion; Catlow, 

C. R. A., Greaves, G. N., Eds.; Blackie: Glasgow, 1990; p 140. 
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Figure 1. XRD patterns of the precursor carbonates, all crys- 
tallized from aqueous solutions (in the rhodocrosite structure) 
at 60-80 'C: (a) CuMn2, (b) CoMnz, (c) CuCoMn, and (d) 

onal cell) for the last two. The unit-cell parameters of all 
of the manganates containing copper and/or cobalt are 
smaller than those of the pure synthetic rhodocrosite, in- 
dicating that the smaller cobalt and co per 2+ ions (rc0z+ 

nation) substitute a t  least partly for the larger Mn2+ ion 
(rmz+ = 0.97 A HS). The rank of the size decreases is also 
as expected on the basis of an average M2+ ion size: 

Mn > CoMn, > CuMn, > CuMn > CuCoMn 

The degree of substitution is less definite. Comparing 
CoMn, carbonate with the Coco3 and MnC03 end mem- 
bers indicates the mixed carbonate has values much closer 
to the manganese end member than straightforward pre- 
diction according to Vegard's law would predict. However, 
deviations from Vegard's law are common among solid 
solutions. No such comparison can be made for the 
CuMnz-carbonates as copper carbonate does not exist in 
the calcite structure, but the unit-cell parameters are 
smaller for the CuMn, carbonate than for the CoMn, 
carbonate, suggesting that similar amounts of copper and 
cobalt substitution occur. The cell parameters for CoMn, 
carbonate and CuMn, carbonate are very close to those 
reported elsewhere for similar preparations and described 
as being solid solutions.6v8 

In situ X-ray diffractometry of samples heated in air 
indicates that upon losing crystallinity the samples pass 
through an amorphous or very poorly crystalline phase and 
crystallize in the spinel form. Subsequent furnace heating 
for 1 h at  appropriate temperatures allows just decomposed 
amorphous or poorly crystalline (325-420 OC) and spinel 
(500 OC, see Figure 2) oxides to be formed. For the CuMn, 

Cu1SMn1.5* 

= 0.89 A high spin (HS), rcuz+ = 0.87 K in 6-fold coordi- 
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confirms that the CuCoMn sample forms an amorphous 
phase at  a much lower temperature compared to other 
carbonates (325 "C) and may be because of the higher 
occupancy of non-manganese cations in the rhodocrosite 
structure, which render it thermally unstable. 

(c) Electron Microscopy. Nanometer-scale EDX 
compositional analysis in the STEM has shown that, in 
general, the samplea exhibit uniform chemical homogeneity 
throughout the temperature regimes studied. A few grains 
of the component oxides are occasionally found. The se- 
lected area electron diffraction and high-resolution lattice 
imaging have illustrated the extent of structural order a t  
different temperatures. For example, carbonates of the 
Cu-Mn and Co-Mn systems and their spinels exhibited 
very good crystallinity. Samples heated at 500 "C showed 
most of the microcrystals to be single crystalline with the 
spinel structure. Some amorphous pockets (ca. 5 nm in 
dimension) were found in these samples. Samples heated 
at 325-420 "C contained primarily amorphous regions with 
a few microcrystals only 5-10 8, in diameter. 

Figures 4 and 5 illustrate the microstructural evolution. 
Figure 4 shows essential characteristics of the CuMn, 
stoichiometry, with an SEM image (a) of the carbonate 
revealing mostly spherical particles which retain their 
morphology upon heating. A diffraction pattern of the 
carbonate (b) indicates microcrystallinity: the diffraction 
rings can be indexed based on the rhodocrosite structure. 
High-resolution imaging (c) shows microcrystallinity 
present in the larger spherical spinel particles, with crys- 
tallites of the order of 10 nm in size. There is generally 
no direct evidence of twins or strains at the boundaries 
where the randomly growing microcrystals happen to meet, 
suggesting that they relax structurally as they grow. 
Normally the microcrystals expose planes in the (loo), 
(110), and (111) orientations. The lack of well-defined 
shapes for the microcrystals may mean that their shape 
is dictated by the atomic arrangement in the neighboring 
grains. The selected-area diffraction pattern (d) and the 
microcompositional analysis (e) are consistent with the 
spinel structure and the bulk composition. (The A1 peak 
in the EDX spectrum is due to the microscope grid used 
to support the samples.) Similar results were observed in 
the CuMn system. 

In the CoMn, system (Figure 5 )  the carbonate precip- 
itate consists largely of platelike crystals growing in clusters 
(a-c) which also maintain their morphology upon thermal 
decomposition. The different shapes in the CuMn and 
CoMn systems can be attributed to the different surface 
energetics of the two systems. The individual plates 
contain microcrystals in different crystallographic orien- 
tations. As in the CuMn system the diffraction rings can 
be indexed on the carbonate structure, although some 
crystals show longer range crystallinity (d). The Co- 
Mnz-430 sample is mainly amorphous, with pockets of 
crystallinity. The spinel structure formed at  500 "C ex- 
hibited microcrystallinity similar to that found in the 
Cu/Mn system. All samples showed a high degree of 
chemical uniformity to nanometer scale microanalysis. 

In the Cu-Co-Mn system the particles are spheres 
around 10 pm in diameter. The crystallites are smaller, 
with a crystallite size around 6 nm estimated both from 
the electron micrographs (Figure 6a) and DebyeScherrer 
broadening of the X-ray pattern. Furthermore, both the 
carbonates and the 500 "C spinels show poorer crystallinity 
relative to the Cu/Mn and Co/Mn systems and only dif- 
fraction rings are obtained (Figure 6b), although for all 
temperature regimes the materials maintain the same 
degree of chemical homogeneity. This is illustrated 
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Figure 2. XRD patterns of the spinels formed at 500 "C from 
the corresponding precursor carbonates shown in Figure 1: (a) 
CuMnz04, (b) CoMn204, (c) CuCoMn04, and (d) Cul,,Mnl,SO,. 
The CoMnzOl exhibits a tetragonal distortion: the other three 
are cubic. 

i 
1 
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Figure 3. XRD patterns of CoMnz04 spinel as a function of 
decomposition temperature: (a) 415, (b) 430, (c) 450, (d) 475, and 
(e) 500 "C. On heating, the crystalline CoMn, carbonate passes 
through a poorly crystalline cubic phase to the tetragonal phase. 

system, a very small carbonate peak remains after heating 
at  420 "C and an X-ray pure spinel is formed at  500 "C. 
For the CuMn sample an amorphous phase is formed at  
420 "C and a highly crystalline spinel is formed at  500 "C 
with a trace of copper oxide. For CoMn,, the carbonate 
decomposes to give a very poorly crystalline cubic spinel, 
which crystallizes a t  500 OC to a tetragonal spinel. This 
change was monitored at  intermediate temperatures 
(Figure 3). CuCoMn carbonate, itself poorly crystalline, 
decomposes via an amorphous phase to give a cubic spinel 
a t  500 "C. 

(b) Thermogravimetric Studies. Thermogravimetric 
analyses carried out on the as-prepared carbonates in an 
atmosphere of flowing air indicate that they start losing 
water a t  around 150-200 "C and decomposition starts at  
around 250-300 "C. The decomposition is complete a t  
about 420 "C for all the precursor carbonates. The tem- 
peratures of 10% and 90% weight loss show that the range 
of CuMn, and CoMn, carbonate decomposition is re- 
markably narrow (30-50 "C), whereas that of C U ~ . ~ M ~ ~ . ~  
and CuCoMn is broader (150-200 "C). This observation 
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Figure 4. Scanning electron micrograph (a) and diffraction pattern (b) of the precursor CuMn, carbonate. HREM (c), selected area 
diffraction pattern (d), and electron-induced X-ray emission spectrum (e) of the corresponding spinel. 

qualitatively by element maps of an agglomerate of spinel (d) Extended-Edge X-ray Absorption Spectroscopy 
particles (Figure 6-0. The quantification of the EDX (EXAFS). (i) The Carbonates. EXAFS of the Co and 
data on five spot analyses gives a range of ca. 7% for each Mn K-edges of the cobalt manganese carbonate and of the 
cation, showing that the cation stoichiometry is essentially Cu K-edge of the copper manganese carbonate were ana- 
ideal and indicating uniform substitution. lyzed and Fourier transformed (without correction for 
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Figure 5. Scanning electron micrographs (a-c) and HREM and 
selected area diffraction pattern (d) of the CoMn2 carbonate. 
HREM (e) of the corresponding spinel. 

phase shifts). From these Fourier transforms, the peaks 
of which correspond to scattering shells, it is clear that the 
cobalt and manganese environments are nearly identical 
but are different from that of copper. This suggests that 
cobalt substitutes readily and with little distortion for 
manganese in the rhodocrosite structure whereas the 

Table 11. Relevant Metal-Oxygen and Metal-Metal 
Distances below 4 A for (a) Cubic and (b) Tetragonal 

SDinel Oxides 
site coord no. atom tme  dist, A 

tetrahedral 

octahedral 

tetrahedral 

octahedral 

1.967 
3.437 
3.471 
3.590 
1.978 
2.931 
3.437 
3.417 
3.651 

2.015 
3.427 
3.703 
3.435 
3.787 
3.678 
1.970 
2.140 
2.890 
3.057 
3.427 
3.703 
3.503 
3.689 
3.766 

copper environment is either highly distorted in the 
manganese site of rhodocrosite or is distributed between 
the rhodocrosite structure and an X-ray amorphous phase. 
First-shell fits to the EXAFS data indicate that the cobalt 
and manganese can be fitted as 6-fold coordinated to ox- 
ygens, with distances of 2.12 and 2.18 A, respectively, while 
the first copper-oxygen shell is better fitted by four to give 
oxygens at  1.96 A (the exact occupancy is sensitive to the 
window taken for Fourier filtering). Probably the re- 
maining oxygens are Jahn-Teller distorted away from the 
copper. 

(ii) The Oxides. EXAFS analysis procedure: For the 
just-decomposed CuMn2-420, CuMn-420, and CuCoMn- 
325 oxides the cations, and especially the copper, are in 
poorly ordered environments. In fitting the EXAFS, 
sufficient extra shells were added and refined to fit the 
data out to a distance (uncorrected for phase shifts) around 
3.7 A. 

For the spinel structures, including the poorly crystdine 
just-decomposed CoMn2 oxides, starting models for re- 
fmement were constructed using coordination numbers and 
bond distances of related spinel structures of the correct 
symmetry available in the chemical data base available at  
Daresbury (CuMn204, Cu1.5Mnl604, and Co304 (cubic) and 
CoMn204 (tetragonal)-see Table 11) and assuming that 
the samples were stoichiometric. The spinel structure is 
usually written AB2O4, where A and B are cation sites of 
tetrahedral and octahedral coordination, respectively, 
within the cubic closepacked arrangement of oxygen ions. 
As with other spinels, mixed metal manganese-containing 
spinels offer the possibility of partition of different metals, 
often in more than one oxidation state, between the two 
sites, which in turn affects the structural, electrical and 
magnetic properties.12-17 

~~ 

(12) Buhl, R. J.  Phys. Chem. Solids 1969,30,805. 
(13) Boucher, B.; Buhl, R.; Perrin, M. J. Appl. Phys. 1968,39,632. 
(14) Radhakrishnan, N. K.; Biswas, A. B. Phys. Status Solidii A 1977, 

(15) Vandenberghe, R. E. Phys. Status Solidii A 1978,50, K85. 
(16) Vandenberghe, R. E.; Legrand, E.; Scheerlinck, D.; Brabers, V. 

44,45. 

A. M. Acta Crystallogr. 1976, B32, 2796. 
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Figure 6. High-resolution micrograph (a) and selected area diffraction rings (b) of the CuCoMnOa spinel showing microcrystallites 
around 6 nm in dimension. SEM (c) and corresponding element maps (d-f) of the spinel particles, showing qualitatively that manganese, 
cobalt, and copper are homogenously distributed. 
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Figure 7. Experimental (solid line) and theoretical (dashed line) Fourier-filtered Mn K-edge E M S  data (a) and their Fourier transforms 
(b) for the CuMn2-420 amorphous oxide. The experimental Fourier transform is given unfiltered. 
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Figure 8. Experimental (solid line) and theoretical (dashed line) Fourier-filtered Cu K-edge EXAFS (a) and their Fourier transforms 
(b) for the CuMn20, spinel. 

Initially, the first metal-teoxygen coordination shell was 
Fourier filtered from the EXAFS data and fitted by al- 
lowing the M-0 distance, the coordination number ( N ) ,  
and the Debye-Waller factor to refine. Deviation in the 
fitted coordination number from 4 (tetrahedral) or 6 (oc- 
tahedral) was taken to indicate a distribution of the metal 
between the two sites, which varied for each metal in each 
sample. An estimate of x (the fraction of metal cations 
in tetrahedral coordination) was made using the simple 
relationship 

where Ntetrahedral is 4, N- 6. By mixing the octahedral 
and tetrahedral site occupancies and bond distances ac- 
cording to x ,  starting models were constructed to fit the 
EXAFS data out to around 3.7 A. Since there were more 
shells than resolved peaks in the EXAFS function, the 
refinement was confined to distances and Debye-Waller 
factors. Once the higher shells had been fitted, the first 
coordination shell was also further refined again as a single 
shell (except for the manganese in the tetragonal, Jahn- 
Teller distorted CoMn2dO0 spinel; in this, the first shell 
was allowed to split into two). If the new refined value 
for N1 was outside experimental error of the first value 

(17) Yamamoto, N.; Kawano, S.; Achiwa, N.; Higashi, S. J. Jpn. SOC. 

Naverage = xNtetrahedral + (l - X)Noctahedral 

Powder Metall. 1983, 30, 48. 

of x ,  a new tetrahedral/octahedral distribution was con- 
structed and refined (except for CuMn-500, where traces 
of CuO were observed in the XRD). The final value of x 
for each spinel is given in Table I11 but should be taken 
only as a rough eatimate of the distribution, given the error 
associated with refined values of the coordination number. 

The refined average coordination numbers, metal-oxy- 
gen distances, and Debye-Waller factors for the first co- 
ordination shells of amorphous and spinel oxides are given 
in Table 111 and representative fits to the EXAFS data are 
given in Figures 7-10. The analyses of the copper-bearing 
oxides and the cobalt-bearing oxides are described sepa- 
rately. 

Copper-Bearing Amorphous Oxides: CuMn2-420, 
CuMn-420, and CuCoMn-325. The Mn and Cu K-edge 
Fourier transforms of the amorphous cuMn2-420 oxide are 
compared with those of the spinel CuMn2-500 in Figure 
11. The manganese ions have more order to the second 
shell than the copper. Similarly, and to a greater extent, 
the cobalt in CuCoMn-325 is more ordered than the copper 
in the same oxide. 

Analysis of the first Coordination shell of the copper in 
all the amorphous oxides gives a value close to 4 (Table 
III). There is no evidence for Jahn-Teller distorted oxygen 
at  a greater distance. Analysis of the second peak in the 
Fourier transform indicates a copper-metal interaction at  
2.88 A for all samples, as well as other shells further away. 
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Figure 11. (i) Fourier transforms (phase shift uncorrected) of 
the Cu K-edge of the CuMn2 (a) spinel and (b) amorphous oxides. 
(ii) Fourier transforms (phase shift u n ~ o ~ e d e d )  of the Mn K-edge 
of the CuMn, (a) spinel and (b) amorphous oxides. 

I I \ '  '1/ - L------t 
b -1 

0 1 2 3 4 5 6  

Figure 12. Fourier transforms of the Cu K-edge EXAFS (un- 
corrected for phase shifta) for (a) (b) CuMn204, and 
(c) CuCoMn04 spinels. 

for CuMn,-500, with three-quarters of the copper in tet- 
rahedral sites. 

The Mn K-edge Fourier transforms of the copper- 
bearing spinels CuMnz-500 and CuCoMn-500 are rather 
similar, with two main peaks at  ca. 1.7 and 2.7 A (uncor- 
rected) and a minor peak at  3.3 A. The data are ade- 
quately fitted by manganese in a largely octahedral en- 
vironment (for CuCoMn-500 the fitted coordination n m -  
ber is 6.0 and for CuMn,-BOO it is 5.9, both with bond 
lengths of 1.93 A). The refined CuMn,-BOO Mn K-edge 
data are given as a representative fit (Figure 9). 

Cobalt-Bearing Oxides. Fourier transforms of the cobalt 
K-edge EXAFS, given in Figure 13, show considerable 
variation, with peaks at  1.6, 2.6, and 3.15 A (uncorrected) 

distance I A 

I 1 

0 1  2 3 4 5 6  
distance I A 

Figure 13. Fourier transforms (phase shift uncorrected) of the 
Co K-edge EXAFS for (a) CoMnz04 (500 "C), (b) CoMnz04 (450 
"C), (c) CoMn,O, (430 "C), (d) CoMn204 (415 "C), and (e) Co- 
CuMn04. 

that vary in intensity between samples. These differences 
are due to the cobalt occupying octahedral and tetrahedral 
sites in different ratios and in the symmetry change ob- 
served in the CoMn, spinel. 

For the cubic CuCoMn spinel the cobalt K-edge is fitted 
very well by a well-ordered single-site octahedral envi- 
ronment, with M-O distances of 1.94 A. In its amorphous 
precursor the cobalt has a slightly lower average coordi- 
nation (5.4). 

In the cubic CoMn,-415 and CoMn,-430 samples the 
cobalt exists in both tetrahedral and octahedral sites. 
Indeed, the first- and second-shell data are well fitted using 
Co304 as a starting model with a statistical distribution 
of cobalt in tetrahedral and octahedral sites (i.e., one-third 
tetrahedral and two-thirds octahedral; Figure 10). The 
manganese spectrum of CoMnz-430 is close to that of 
CuCoMn-500, where manganese is predominantly octa- 
hedral. A simple model with statistical distribution of 
cobalt and manganese throughout the poorly crystalline 
cubic phase does not fit the EXAFS data. It may be that 
locally cobalt-rich spinels are formed, but the electron 
microscopy has not so far revealed this. 

In the CoMn,-500 Jahn-Teller distorted tetragonal 
spinel the average cobalt coordination decreases and the 
metal-oxygen distances increase. Although this is com- 
patible with a migration of cobalt from octahedral to 
tetrahedral sites and subsequent reduction of Co from 3+ 
to 2+, it should be noted that cobalt in the octahedral sites 
might experience cooperative Jahn-Teller distortion which 
would complicate the analysis. No Jahn-Teller distorted 
long Co-0 distances could be refined. A reasonable sec- 
ond-shell fit is obtained with cobalt distributed 3:l between 
tetrahedral and octahedral sites. The model of cobalt 
migration is also backed up by the pre-edge (1s - 3d) 
features of the cobalt and manganese XANES, the cobalt 
preedge increasing slightly and the manganese pre-edge 
showing a slight decrease. 

Although refinement of the Mn K-edge EXAFS of the 
CoMn,-600 sample (which exhibits splitting of the second 
coordination shell peak at 2.7 A (uncorrected) found in the 
Mn K-edge EXAFS of the cubic spinels into two peaks at 
2.7 and 3.4 A (uncorrected) as a result of Jahn-Teller 
distortion) is not sensitive to changes in the octahedral 
occupancy between about 65-85 % , the data are well fitted 
by a model in which manganese exists 25% in tetrahedral 
and 75% in Jahn-Teller distorted octahedral coordination, 
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Figure 14. First derivative spectra of the region around the Mn 
K-edge of (a) MnO, (b) CoMnz-430, (c) CoMnz-500, (d) Mn,03, 
(e) CuMnz-500, (f) CuCoMn-500, and (9) MnOz. 

with a starting model for coordination distances and bond 
lengths taken from literature values for tetragonal Co- 
Mn204. 

(e) X-ray Absorption Near-Edge Structure 
(XANES). The near-edge spectra of the oxides give in- 
formation on the metals' oxidation state.18J9 The best way 
to compare spectra is using their first derivatives. In 
general, a first derivative peak shift to higher energies 
results from oxidation of the cations, although Cu20 is an 
exception. 

For the Mn K-edge XANES (Figure 14) the first-de- 
rivative spectra, when compared with the model com- 
pounds MnO, Mn2O3, and MnO,, indicate that the oxi- 
dation state of Mn in CoMn2-430 and -500 is around 3+ 
and in CuMn, and CoCuMn is between 3+ and 4+. This 
is supported by electron yield Mn LIII-edge spectra on 
CuMn2-420 and -500 that show a doublet a t  647-649 eV 
indicative of Mn3+/Mn4+ mixed valence, a t  least at the 
surface (G. Cressey, personal communication and ref 20). 

The Co K-edge XANES first-derivative spectra are 
compared with those of COO and c0304 in Figure 15. The 
spectra of CoMn2-430 and CoMn2-500 are rather similar, 
the latter showing a small (1 eV) shift to lower energies 
and an increase in the ratio of the lowest energy first-de- 
rivative peak over the second peak, possibly due to 3+ - 
2+ reduction of cobalt. The derivative spectrum of Cu- 
cof i -500  has the Same general features as CoMn2-430 and 
Co304, but the order of size of the three derivative peaks 
suggests an average oxidation state greater than in the 
Co304 spinel and therefore probably around 3+. The 
copper first-derivative spectra are rather similar to each 
other but do suggest that CuMn2-500 has a higher pro- 
portion of copper in I+ than the other spinels. No com- 
pounds with tetrahedral Cu+ or tetrahedral Cu2+ were 
available for comparison. 

We are able to infer details on the siting and oxidation 
state of cations in the oxides by using information on 
coordination number, M-0 distance, XANES derivative 
spectra, and, where applicable, the charge constraints im- 
posed by the spinel structure, and also bearing in mind 
M-0 distances predicted for different oxidation states 
from tables compiled from empirical data.21 

(18) Brown, N. M. D.; McMonagle, J. B.; Greaves, G. N. J. Chem. Soc., 

(19) Belli, M.; Bianconi, A,; Mobilio, S.; Palladino, L.; Reale, A.; Bu- 
Faraday Trans 1 1984,80, 589. 

rattini, E. Solid State  Commun. 1988, 35, 355. 
(20) Cramer, S. P.; de Groot, F. M. F.; Ma, Y.; Chen, C. T.; Sette, F.; 

Kipke, C. A,; Eichhorn, D. M.; Chan, M. K.; Armstrong, W. H.; Libby, 
E.; Christou, G.; Brooker, S.; McKee, V.; Mullins, 0. C.; Fugale, J. C. J. 

al > 

> 

U 

0 
al 
U 

e w 

.- 
L m 

8 
.- 
c 

a 
L 
I_ 

s 

e 

I d I 
b 3 

-40 0 40  80 
E - E, (metal) / eV 

Figure 15. First derivative spectra of the region around the Co 
K-edge of (a) COO, (b) COh'hz-415, (c) CoMnz-500, (d) Co304, and 
(e) CuCoMn-500. 

For CuCoMn, which shows the least mixing of cations 
over different sites, cobalt is octahedral, with a Co-0 
distance of 1.94 A corresponding to an oxidation state of 
3+. Manganese also occupies octahedral sites, with a 
Mn-0 distance of 1.93 A. The XANES suggests an oxi- 
dation state between 3+ and 4+, and this agrees with bond 
length comparisons with the literature (Mn3+[6]-0, 1.96 
A; Mn4+[6]-0, 1.91 A). As the oxidation state of manga- 
nese is between 3+ and 4+, the copper must have an av- 
erage oxidation state between 1+ and 2+. The Cu-0 
distance of 1.94 A is consistent with a mixture of Cu2+ and 
Cul+ occupying the tetrahedral site. An estimate of the 
distribution would then be 

Cu[4]2+,1+, Co[6]3+, Mn[6]4+,3+ 
A similar treatment can be performed for CuMn, and 
CoMn, spinels on which complete XANES data are 
available. The manganese oxidation state in CuMn, is a 
mixture of 3+ and 4+, indicating that copper must be 
present as 1+ and possibly 2+. In the CoMn2-500 spinel, 
manganese is mainly 3+, i.e., d4, and therefore tends to 
Jahn-Teller distort. Cobalt is therefore 2+ and 3+. 

In summary, the EXAFS and XANES data give con- 
siderable information on the state of the cations in both 
the amorphous and spinel phases, despite the ambiguities 
caused by mixed site occupancies and oxidation states and 
the symmetry change induced by cooperative Jahn-Teller 
distortion in the cobalt manganese system. For the spinels 
studied, copper has the greatest tendency to go into tet- 
rahedral sites, probably as 1+ and 2+ cations. The per- 
centage tetrahedral occupancy of copper increases in the 
order 

Cu1,,Mnl,, < CuMn, < CuCoMn 
Cobalt in the poorly crystalline CoMn,-430 is nearly 

statistically distributed between octahedral and tetrahedral 
sites but shows slight ordering on being heated to 500 "C. 
High enough concentrations of Mn3+ in the octahedral site 
cooperatively distort the structure. 

Manganese is present mainly as 3+ in CoMn, and as 3+ 
and 4+ in CuMn, and CoCuMn-500. As a converse to 
cobalt and copper, manganese is always predominantly 
octahedral. 

(f) Catalysis and Adsorption. Catalyst surface areas 
are given in Table IV. The CuCoMn oxides have partic- 
ularly high surface areas. Catalytic conversion rates of CO, 

-_  
Am. Chem. SOC. 1991, 113, 7937. (21) Shannon, R. D. Acta Crystallogr. 1986, A32, 751. 
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Figure 16. Conversion rates of CO to CO,, normalized to catalyst 
surface area, as a function of temperature when a 1% CO (32% 
He) and air mixture was passed at 60 mL/min over 0.02 g of the 
amorphous, just-decomposed oxides mixed with 0.08 g of quartz: 
(a) CuMn2, (b) CoMn,, (c) CuMn, and (d) CuCoMn stoichiom- 
etries. 
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Figure 17. Conversion rates, measured and calculated as in 
Figure 16, for the spinel oxides (a) CuMn,04, (b) CoMn2O4, (c) 
C U ~ , ~ M ~ ~ , ~ O , ,  and (d) CuCoMnO,. 

normalized to surface area, are shown in Figures 16 and 
17 for amorphous and spinel oxides respectively, and in 
Figure 18 for the single-metal oxides. The data are plotted 
only for temperatures where the total conversion was less 
than 100%. Direct comparison of specific activities of 
oxides at the same temperature is slightly complicated by 
the variation of the reactant concentration profile across 
the bed with the total conversion, but this has no effect 
on the general conclusions that may be drawn. 

Discussion 
The combination of X-ray diffraction, electron micros- 

copy, and nanometer-scale microanalysis and X-ray ab- 
sorption at the copper, cobalt, and manganese K-edges 
yields detailed information pertaining to the metal cation 
distribution in the coprecipitated carbonates, the spinels 
and the intermediate poorly crystalline or amorphous 
oxides. 

The mixed metal carbonates contain only one crystalline 
phase and are, in general, homogeneous. If present, ad- 
ditional amorphous content must be low. The EXAFS of 
cobalt and manganese in C O M ~ ~ ( C O ) ~ ) ~  are essentially 
identical, indicating complete substitution. Copper in 
C U M ~ ~ ( C O ~ ) ~  appears to be distorted, possibly as a result 
of expected Jahn-Teller effects in the rhodocrosite 
structure. All of the mixed metal carbonates show lattice 
parameters smaller than rhodocrosite as a result of in- 
corporation of the smaller cobalt and copper, and the 
crystallinity decreases as more and smaller cations are 
incorporated into the structure. 

40 6 0  80 100 120 140 160 180 

Temperature /'C 

Figure 18. Conversion rates, measured and calculated as in 
Figure 16, for the metal oxides (a) Co304, (b) CuO, and (c) MnO,. 

Table IV. Surface Areas from BET Analysis of N2 
Adsomtion Data at 77 K 

surface area, surface area, 
SamDle m2/e samDle m2/e 

CuMn2-420 79 CuCoMn-325 188 
CuMnp500 35 CuCoMn-500 113 
CuMn-420 63 CUO 25 

CoMn2-420 65 C0304 30 
CuMn-500 39 MnO, 33 

CoMn2-500 39 

The amorphous oxides formed upon decomposing the 
copper-containing carbonates possess copper in 4-fold 
coordination (without additional Jahn-Teller distorted 
oxygens), but the data are insufficient to distinguish be- 
tween square planar and tetrahedral variants. The bond 
lengths are around 1.93 A, which favors a model with 
predominantly divalent copper. 

The spinels formed in the copper-bearing systems are 
also monophasic to X-ray diffraction, with the exception 
of Cu&n1.5, which contains traces of CuO. All are cubic, 
and copper resides mainly in the tetrahedral site, with 
varying proportions in the octahedral site shown clearly 
by EXAFS. The copper-oxygen distances in the spinels 
(1.94-1.96 8) are larger than in the amorphous oxides (ca. 
1.93 A). The oxidation state is a mixture of 1+ and 2+, 
on the basis of the XANES and EXAFS of the co-metals 
but quantification of the oxidation state is insufficiently 
precise to distinguish between models proposed for Cu- 
Mn20, prepared by solid-state methods discussed in the 
1iterat~re.l"'~ The observation of a mixture of oxidation 
states is in agreement with XPS measurements on the 
surface of predominantly spinel oxides of the metal stoi- 
chiometries CuMn and C U C O M ~ . ~  

Cobalt in the mixed CuCoMn spinel occupies octahedral 
sites as 3+, low spin. In CoMn, spinels the EXAFS 
analysis is complicated by the transition from cubic to 
tetragonal on heating. The cubic form is a metastable 
result of the low-temperature route and is not observed 
in high-temperature solid-state preparations. The pre- 
dominantly octahedral coordination of manganese in the 
low-temperature sample suggests either a defective spinel 
or local inhomogeneity. The cobalt appears to be statis- 
tically distributed in the cubic form and shows a small 
degree of ordering in the tetragonal form. This is to be 
expected from the site preference measured in samples 
quenched from high temperatures, where it is seen that 
while cobalt does show a preference for the tetrahedral 
sites, the degree of inversion varies strongly with tem- 
perature.13 

Catalytic performance can be rationalized with reference 
to the bulk structural features, recognizing likely differ- 
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ences in surface and bulk composition. Amorphous and 
spinel phase oxides in the Cu/Mn and Co/Mn systems 
have similar specific activities &e., activity per unit surface 
area), the slightly lower specific activity of the spinels 
possibly being due to a reduction of the oxidation state of 
the copper and cobalt suggested by EXAFS and XANES. 
For the CuCoMn oxides, the lower specific activity of the 
amorphous compared with the spinel oxide may be due 
to incomplete carbonate decomposition at  the low tem- 
perature (325 "C) employed. Among the spinels, the Cu- 
CoMn spinel possesses much higher specific activity than 
the others. Direct comparison with the CuMn2-spinel, 
where copper is also in both 1+ and 2+ oxidation states 
and manganese 3+ and 4+, suggests that the presence of 
Co3+ is responsible for the high activity. This is supported 
by the high specific activity of the spinel Co304, where 
two-thirds of the cobalt is trivalent, and the comparatively 
low activity of C0Mn204, which contains a high proportion 
of cobalt as 2+ (tetrahedral). The specific activity of Co304 
is around twice that of CuCoMnO, and can be explained 
by Co304 having, per unit cell, twice as much Co3+ as 

CuCoMnOl. The 3-fold higher surface area of CuCoMnO, 
than Co304 makes it the most active of the catalysts ex- 
amined. Manganese 3+/4+ is relatively inactive in the 
CoMn2, CuMn2, and MnO, oxides. The higher activity of 
the C U ~ , ~ M ~ , , ~ O ~  spinel compared to CuMn204 might be 
due to a higher proportion of copper being divalent (CuO 
is more active than the MnO, oxide). 

Of the various mixed metal oxide catalysts examined 
here for the low-temperature oxidation of CO to C02, the 
best is undoubtedly the CuCoMnO, spinel: its intrinsic 
activity is high; it also has good thermal stability and may 
be readily prepared in a high area form. 
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The low-temperature form of LiBGe04 and the new composition LiBSi04 have been synthesized as single 
crystals for the f i t  time by employing a hydrothermal recrystallization technique. They have been studied 
using single-crystal X-ray diffra_ction. These compounds possess the cristobalite structure, crystallizing 
in the tetragonal space group I4 with 2 = 2. The absence of a center of symmetry was confirmed by a 
second harmonic generation test. The cell parameters are a = 4.5016 (3), c = 6.901 (3) A for LiBGeOl 
and a = 4.3792 (2), c = 6.7784 (3) 8, for LiBSiO,. The lithium atoms are well ordered into sites with 
approximately tetrahedral geometry. 

Introduction 
The family of stuffed, ordered cristobalite structures 

(MABO,) crystallize in the noncentrocymmetric space 
group I4 and have therefore been considered as possible 
materials for nonlinear optical applications.' Lithium 
borogermanate, LiBGe04, is believed to belong to this class 
of materials. It melts congruently a t  about 900 "C, and 
crystals have been grown by sufficiently slow cooling of 
the extremely viscous melt. However, differences of 
opinion persist concerning details of the structure of this 

Specifically, Ihara2 claims the structure is 
orthorhombic, pseudotetragonal, while more recent pub- 
lications2.3 propose a tetragonal cell, space group I4. Un- 
fortunately, only twinned cryskals have been obtained from 
slow cooling of the melt, and these are unsuitable for 
single-crystal diffraction measurements. 

In the course of a general survey of the structure- 
property relationships of members of the cristobalite 

family, we have grown crystals of LiBGe04 and LiBSiO, 
by hydrothermal techniques. The crystals of LiBGeO, 
were free of the twinning reported previously2 and thereby 
provided an opportunity to accurately determine the 
crystal structure of this material. Further, for any po- 
tential optical applications untwinned single crystals are 
desirable; the hydrothermal technique provides a means 
of obtaining such materials. 

The composition LiBSiO, is novel, and this material is 
expected to be isostructural with LiBGeO,; the synthesis 
and structure of LiBSi04 are reported for the first time. 

Experimental Section 
Synthesis and Characterization. Small single crystals of 

LiBGeO, were grown hydrothermally in a sealed gold capsule 
containing appropriate quantities of preformed LiBGeO, powder 
(12 wt %) and 2 M H,BO:, (88 wt W). After the capsule was 

(1) Rulmont, A.; Tarte, P.; Winand, J. J.  Mater. Sci. Lett. 1987,6,659. 
(2) Ihara, M. Jpn.  J .  Ceram. Assoc. 1971, 79, 152. 
(3) Liebertz, J.; St&, S. Z .  Kristallogr. 1981, 155, 115. 
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